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ABSTRACT 

Context. In solar flares, inverse Compton scattering (ICS) of photospheric photons might give rise to detectable hard X-ray photon 
fluxes from the corona where ambient densities are too low for significant bremsstrahlung or recombination, y-ray lines and contin- 
uum in some large flares imply the presence of the necessary ~ 100 MeV electrons and positrons, the latter as by-products of GeV 
energy ions. Recent observations of coronal hard X-ray sources in particular prompt us to reconsider here the possible contribution of 
ICS. 

Aims. We aim to evaluate the ICS X-ray fluxes to be expected from prescribed populations of relativistic electrons and positrons in 
the solar corona. The ultimate aim is to determine if ICS coronal X-ray sources might offer a new diagnostic window on relativistic 
electrons and ions in flares. 

Methods. We use the complete formalism of ICS to calculate X-ray fluxes from possible populations of flare primary electrons and 
secondary positrons, paying attention to the incident photon angular distribution near the solar surface and thus improving on the 
assumption of isotropy made in previous solar discussions. 

Results. Both primary electrons and secondary positrons produce very hard ICS X-ray spectra. The anisotropic primary radiation 
field results in pronounced centre-to-limb variation in predicted fluxes and spectra, with the most intense spectra, extending to the 
highest photon energies, expected from limb flares. Acceptable numbers of electrons or positrons could account for RHESSI coronal 
X/y-ray sources 

Conclusions. Some coronal X-ray sources at least might be interpreted in terms of ICS by relativistic electrons or positrons, particu- 
larly when sources appear at such low ambient densities that bremsstrahlung appears implausible. 

Key words. Acceleration of particles - Radiation mechanisms: general - Sun: corona - Sun:photosphere - Sun: flares - Sun: X-rays, 
gamma rays 



1. Introduction 

iKorchakl d 1 967l [197 ll) considered three possible radiation mech- 
anisms via which solar flare energetic electrons might pro- 
duce hard X-rays (HXRs): synchrotron, bremsstrahlung and in- 
verse Compton scattering (ICS). He established that fluxes from 
electron-ion bremsstrahlung would dominate those from the 
other two mechanisms under normal solar atmosphere condi- 
tions and thus laid one of the foundations of the interpretation 
of flare X-rays. Left open, however, was the possibility that ICS 
HXR fluxes from low-density regions might e xceed those from 
brems s trahlu ng (or, indeed, recombination - iBrown & Mallik 
(2008. I2009ln . Recent years have seen i ncreasingly detailed 
observations of coronal HXR sources dHudson et al.1 120011: 
iKrucker et alj l2008alfbT ; iTomczakl 120091) . sometimes from sur- 
prisingly tenuous regions. Reconsideration of th e possible role 
of ICS in HXR production thus seems timely dKrucker et alj 
l2008al) . 

The basics of ICS a re well understoo d (e.g . 
iBlumenthal & Gouldl fl970l iRvbicki & Lightmanl fl986l) . 
Suppose that electrons of (total) energy ym e c 2 scatter photons 
of initial energy e,. Optical photons of photospheric origin, for 
instance, would have e, typically of order 2 eV. The maximum 
possible scattered photon energy results from a head-on colli- 
sion of electron and photon and has a value of e max 4y 2 e, (e.g. 
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IBlumenthal & Gouldfl970l) . To produce HXR photons via ICS 
of optical photons thus needs electrons in the 10s to 100s of 
MeV energy range. 

There is good evidence that electrons attain such ener- 
gies in flares, y-ray continuum in this energy range has been 
observed from some large flares (e.g . iForrest & Chuppl [l 9 8 3 ; 
iKanbach et al.lH993t iTalon et aLlll9 93). This may be due to ei- 
ther or both of: electron-ion bremsstrahlung from primary ac- 
celerated electrons; bremsstrahlung from secondary electrons 
and positrons in the 100 MeV energy range, produced in reac- 
tions of accelerated ions in the energy range > 0.3 GeV (e.g. 
Murphy et al. 1987). In the latter case, positrons are dominant 
in number since they result from collisions between positively 
charged particles. Continuum in this case is unavoidably ac- 
companied by the flat spectral feature around 70 MeV pro- 
duced by n° decay. High-energy continuum can occur both with 
and without this feature at different times during a single event 
(e.g. IVilmer et al.1 12003). indicating that both primary acceler- 
ated electrons and secondary positrons may be present in the 
100 MeV energy ra nge, as needed for ICS HXR production. 
Aki mov et al.l d 19941) give evidence that the flare of 26 March 
1991 accelerated electrons to energies of 300 MeV. The energy 
distributions of electrons and positrons will be very different, 
however, and we consider them separately. 

In the presence of the solar magnetic field, these high energy 
electrons would also prod uce synchrotron e mission but at radio 
and sub-mm wavelengths dSilva et al.ll2007h . To produce X-rays 



2 



MacKinnon and Mallik: Inverse Compton flare X-rays 



by synchrotron emission would require electrons of unrealisti- 
cally high energy, for which the re is no ev i dence. 

The ICS estim ates of iKorchakl d 19671 Il97ll) and 
iRrucker et al. (2008a) employ standard results based on assum- 
ing isotropic electron and photon distributions. Electron distribu- 
tions in the corona may well be isot ropic because of pitch-a ngle 
scattering by MHD turbulence (e.g. [Miller & Ramatv lT989h but 
the photon distribution will be isotropic only in the outward 
hemisphere. As already mentioned, the most energetic photons 
result from head-on collisions of photon and electron, which 
result in the up-scattered photon trav elling along the direction 
of the incident electron dJonesI 119681) . These most favourable 
collisions clearly cannot occur, even with an assumed isotropic 
coronal electron distribution, so a more involved calculation is 
essential to evaluate likely ICS fluxes, spectra etc. 

ICS is certainly important in other areas of astrophysics: of 
cosmic microwave background photons by hot gas in clusters 
of ga laxies (Sunyaev-Zeldovich effect - ISunvaev & Zeldovichl 
1970 ); of solar visible photons by cosmic ray electrons 
(lOrlando & Srrorig|l2008h . 

The formalism for calculating ICS radiation with arbitrary 
photon angular distributions has been given most recently by 
Moskalenko & Strongl (|2000j). Here we adapt their work to the 
source geometry near the solar surface. We use typically ob- 
served power-law distributions of electrons and protons (which 
produce secondary positrons) to illustrate our study. We eluci- 
date the consequences for observability of this ICS flux and note 
the difference between the spectra produced by electrons and by 
secondary positrons, as well as the disc-centre to limb variation. 
Our findings reveal that although the ICS intensities are likely 
to be low, the spectrum is hard and unmistakable. If detected by 
modern instruments, this would be a new window on extremes 
of electron and ion acceleration at the Sun, and in the case of 
ions complementing information available from y-ray lines and 
free neutrons detected in space. 

In this paper, we use the units fi — c — m e — 1 . 



2. Source geometry; calculation of IC flux 

In this section we calculate ICS HXR fluxes from relativis- 
tic electron and positron pop ulations in the corona, following 
iMoskalenko & Strongl d2000t) . 

The ra te of photon-p article interactions is given in full gen- 
erality by (IWeaverll 19761) : 

R = n e n y J cTf y J d~p J e e )f y y )^-a-(p' y ), (1) 

where n e , n y are the electron and photon number densities; ~p e , 
~p* y are the momenta; f e (P e ), fy(~f y ) are the respective distri- 
bution functions in the laboratory system (LS), normalised to 
unity; y is the electron Lorentz factor; cr the cross-section; and 
the primes signify the electron rest system (ERS) variables. For 
relativistic electrons, the incoming photo ns are seen as a narrow 
beam ~ l/y wid e in th e ERS. We follow Mosk alenko & S trong 
(2000) in using iJonesI (I 19681) approximation that the incident 
photons are seen as a unidirectional beam in the ERS. This sig- 
nificantly simplifies the c alculation of the ICS fluxes while in- 
troducing negligible error dJonesll 19681) . 

To calculate fluxes from Equation ([1) we need to specify 
the electron and photon momentum distributions and the cross- 
section. Since we deal with highly relativistic particles and sit- 
uations where the photon may carry away a large fraction of 



the electron ener gy, we must use the Klei n-Nishina cross-section 
e.g. as given bv jjauch & Rohrlichll 19761) : 
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where r e is the classical electron radius, ej and e' 2 are the ERS 
energies of the incident and up-scattered photons, 77' is the scat- 
tering angle in the ERS and 6{x) denotes the Dirac delta function. 

Appr opriately, to the gen e ral ga lactic cosmic ray pop- 
ulation, IMoskalenko & Strongl d2000l) assume isotropic elec- 
trons; this assumption will also be a ppropriate in the corona 
as a result of MHD scatte ring ( IMiiler & Ramatvl 119891; 
iMandzhavidze & Ramatvl Il992l) . With these assumptions, the 
up-scattered photon distribut ion over the LS energy, ei, as ob- 
tained from Equation ([TJ is (Moskalenko & Strong 2000|) 
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where Q r and Q c refer to photon and electron directions respec- 
tively. 

At this point we depart from Mos kalenko & Strongl {2000), 
tailoring our calculation to the radiation field geometry above the 
solar surface (Figure 1). We introduce two, spherical polar angu- 
lar coordinates 6 and (f> to label photon direction. Let h be a unit 
vector pointing radially outward from the local solar surface, and 
/ be a unit vector pointing along the line of sight to the observer. 
Then we have l.h = sin A where A is the heliocentric angle of 
the source location. Let p y be a unit vector in the direction of 
the photon. The polar angle 6 measures the angle between h and 
p y , i.e. h.p y - cos 9. The photon azimuthal angle <p lies in the 
plane of the solar surface and is measured anticlockwise from 
the plane defined by h and /. 

The photon distribution is isotropic in the optically thick 
photosphere but only includes outward-flowing photons imme- 
diately above. It will be close to isotropic, in the hemisphere 
9 < 7r/2, as long as we consider coronal locations below ~ 2R Q . 
Thus the photon angular distribution takes the simple form 



(4) 



where H is the Heaviside step function. 

In the first instance we calculate the ICS flux from mo- 
noenergetic electrons with a single energy y, averaging straight- 
forwardly over more general energy distributions as needed. 
We also consider monoenergetic primary photon distributions, 
g 7 (x) = Six - e\). Using Equations ©, (3) and @, we hence 
find the total up-scattered photon distribution, per electron, over 
the LS energy, ei, to be: 
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Fig. 1. Schematic diagram showing the geometry used to de- 
scribe the radiation field at the solar surface with the relevant 
angles and vectors. <f> lies in the solar surface plane. 



The lower limit of the 9 integral is given by kinematics: 
= arccos 1 - 



2ei y(y - e 2 )) 
and the upper limit by source geometry: 
Omax - arccos(sin/lcos0). 
Performing the integral over polar angle we get 
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Fig. 2. Photon spectra at the Sun (photons per keV per second per 
source electron) from limb fast electrons with different power- 
law distributions: thin-black is for 6-5, medium-red for 6-3 
and thick-blue for 6-2 with an incident photon energy of 2 eV. 



Up-scattered photon energy (keV) 



Fig. 3. Photon spectra at the Sun (photons per keV per second 
per source electron) from fast electrons with a power-law energy 
distribution £ 3 for an incident photon energy of 200 eV. 



The maximum energy of the up-scattered photon is 

ei max = 4eiy 2 /(l +4ery). 



(10) 



which is the ICS flux of photons per unit energy per 
unit time per electron. T he following kinematic results 
(Mo skalenko & Str ong 2000) are also of importance: 

e 2 = e 2 /[y(l-cos77')], e 2 < 2y£[/(l+2e[), e\ = e ir (l+cos^).(9) 



Note that the second and third terms in Equation ([8]) have to 
be evaluated numerically. This was done using MATLAB and 
the results are portrayed in the following section. 

3. Results 

3. 1 . ICS from fast electrons 

To calculate ICS spectra produced by relativistic electrons, we 
assumed power-law primary electron kinetic energy distribu- 
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tions extending into the 10s of MeV range, ~ (y — l)" 5 . The in- 
cident photon population was assumed to have a monoenergetic 
energy distribution at e\ -2 eV (or 200 eV in a few, illustra- 
tive cases) so that the solar luminosity implies a photon density 
n y = 10 12 cirT 3 . We have checked that the spectra found using 
the full, black body photospheric spectrum are not significantly 
different from these shown here for the 2 eV case. 

In Figure 2, we show the ICS spectra from electrons with 
energy spectral index 6 = 3, calculated by weighting the emis- 
sivity ([8]) by this distribution and integrating over electron en- 
ergy. Fluxes are normalised to one electron above 0.5 MeV and 
we assume an upper cutoff energy of 100 MeV. The three sepa- 
rate curves signify the ICS spectrum as seen from three different 
viewing angles A. In Figure 3, we show the ICS spectra for an 
event viewed at the limb but now for different values of 6. 

Clearly visible (2 eV) photons can easily be up-scattered to 
10s of keV, even though the actual fluxes and spectra depart from 
those expected on the basis of an isotropic photon distribution. 
Over most of the ph oton energy range the spect ra are described 
by the expected (e.g. Blumenthal & Gouldll9 70) ICS power-law 
~ ej (I+<5 ^ 2 , but falling off much more steeply as they approach an 
upper cutoff determined by the 100 MeV electron upper cutoff, 
the viewing angle and the energy spectral index 6. As expected 
on geometrical grounds, the most energetic photons come from 
limb events. In the photon energy range produced across the disc, 
ICS exhibits pronounced limb-brightening with flux variations 
of two orders of magnitude between identical events viewed at 
the limb and at disc centre. In Section [4] we see that observed 
coronal source photon fluxes imply plausible electron numbers. 

Comparison of the ICS fluxes of Figures 2 and 3 with 
bremsstrahlung from the same electrons is not quite straightfor- 
ward. For the usual, monotonic declining energy distributions of 
electrons, the bremsstrahlung flux at photon energy e is domi- 
nated by electrons with energies just above e. ICS hard X-ray 
photons, however, are produced by electrons in the 10s - 100s of 
MeV energy range. Any comparison of bremsstrahlung and ICS 
fluxes involves an assumption about the electron energy distri- 
bution over a very wide range. There is, for instance, evidence 
that electron distributions routinel y harden betwe en 10s of keV 
and the MeV energy range (e.g. ISilva et al.ll2~000[) . Including a 
bremsstrahlung spectrum for comparison in Figure 2 could be 
quite misleading in consequence. 

For illustration, we may nonetheless assume that a single 
power law distribution ~ (y- l)~ s in kinetic energy characterises 
the electron distribution all the way from 10 keV to 100s of MeV. 
Adopting 6 = 3, for example, we find that the bremsstrahlung 
flux at 10 keV will be comparable to the ICS flux for an ambient 
density of about 10 10 cm 3 . The harder ICS flux will dominate 
at photon energies above this value, until we approach the upper 
cutoff shown in Figure [4] Thus ICS appears likely to dominate 
over bremsstrahlung for much of the time in the corona. 

Still higher photon energies will result from primary pho- 
tons of higher energy. For illustration we show in Figure 4 the 
spectrum resulting from ICS of primary EUV photons of energy 
200 eV, from a flare at disc centre. For easy comparison with 
the results for optical photons we have adopted the same photon 
density, n y = 10 12 crrT 3 , although the true EUV density will be 
many orders of magnitude smaller - see below. 

3.2. ICS from relativistic positrons 

As noted in Section 1, positrons will be produced as secon- 
daries from fast ion reactions. Electrons and positrons with the 
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Fig. 4. Photon spectra at the Sun (photons per keV per second 
per source electron) from fast electrons with a power-law energy 
distribution E^, where the thin-blue curve is the flux from disc 
centre (sin A = 0), medium-red for sin A = 0.5 and thick-black 
for the solar limb (sin A = 1). Fluxes are normalised to one elec- 
tron above 0.5 MeV and for an incident photon of energy 2 eV. 

same energy distribution would of course produce identical ICS 
spectra, but the positron energy distribution from p-p collisions, 
and hence the ICS photon spectrum, is quite different from the 
power-law electron case considere d in Section 3.1. We calculate 
positron energy distr ibutions as in | Vilmer et~aT] |2003), which in 
turn closely follows iDermerl ( 1986a b). assuming they are pro- 
duced via pion decay following reactions of fast protons with 
ambient H and He nuclei. The nuclear reactions producing the 
positrons occur mostly in the chromosphere and photosphere, 
but with a range of directions. At the energies considered here, 
any that mirror above the photosphere will suffer only an in- 
significant energy loss as the y make their way into the corona 
(MacKinn on & Brownlll990l) . For simplicity, we assume here 
that we may use the positron energy distribution from pion decay 
unmodified by any other processes. A more detailed treatment of 
transport will be carried out elsewhere. We see in Section|4]that 
only a few percent of the number of positrons produced in a large 
flare will give a detectable ICS source. 

Positrons may also be produced in flares via beta decay of 
unstable nuclei produced in nuc lear reactions of flare ions. As 
noted bv lKozlovskv et all d 1987b . positrons produced in this way 
generally have energies < 1 MeV, too low to be of interest here. 

ICS spectra from the resulting positrons are shown in Figure 
5, assuming a power-law proton energy distribution with 6 = 3 
extending to an upper cutoff energy of 3 GeV and, again, e\ 
— 2 eV and n y = 10 12 cm" 3 . Secondary positron distributions 
have a maximum at about 300 MeV and a form that is domi- 
nated by the nuclear physics of pion formation and decay until 
primary proton e nergies significantly exceed the threshold for 
pion production (Murp hy et al.l 1 1 987b . Thus the detailed pho- 
ton spectra depend rather weakly on proton power-law energy 
spectral index. However, certain features persist, i.e. the spec- 
trum remains very hard and the most energetic photons will 
once again come from limb events. The three separate curves 
are for three different values of viewing angle A. Also shown is 
the dashed-green curve in Figure 5, which is the bremsstrahlung 
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Fig. 5. Photon spectra at the Sun (photons per ke V per second per 
proton) from relativistic positrons produced by protons with a 
power-law energy distribution E~ 3 , where the thin-blue curve is 
the flux from disc centre (sin A = 0), medium-red for sin A = 0.5 
and thick-black for the solar limb flux (sin A — 1). Fluxes are 
normalised to one proton above 1 MeV and for an incident 
photon energy of 2 eV. The dashed-green line represents the 
bremsstrahlung flux from the same positron distribution and has 
been included here to compare with predicted ICS fluxes. Note 
that due to the extreme relativistic nature of the positrons, the 
bremsstrahlung flux is hard with an index of 1 . In other words, 
for such energetic positrons, their distribution has little effect on 
the spectral index of the bremsstrahlung radiation they produce. 



spectrum from the same positrons, assuming an ambient density 
of 10 1() cm -3 . We used the cross-section of Bethe and Heitler, 
without m aking non-relativist ic or extreme relativistic approx- 
imations (lKoch &Motdll959l - formul a 3BN ) and t he rela- 
tivistic electron-electron cross-section of iHaud (11998b . noting 
that electron-electron and electron-posi tron cross-se ctions be- 
come identical for relativistic energies (lHaudll985h . As men- 
tioned above, the form of the positron distribution depends rather 
weakly on assumptions about the primary ion distribution so 
this comparison can be made with much more certainty than 
for electrons. Even with this ambient density, fairly high for 
the corona, ICS dominates over the bremsstrahlung flux from 
the same positrons. Annihilation of positrons in flight yields 
a continuum photon flux that may b e neglected compa red to 
bremsstrahlung, for present purposes (Murp hy et al.lll987l) . 

In Figure 6, we show the ICS spectra for a range of proton 
energy distribution 6 values. Secondary positron typical energies 
naturally result in up-scattering to the MeV photon energy range. 

As for the electron case, we would expect a more energetic 
ICS flux if we consider incident EUV photons, shown in Figure 7 
for 200 eV incident photons. With the photon density held fixed, 
as for Figure 5, the ICS flux can be as much as four orders of 
magnitude greater for e\ = 200 eV than for ei =2 eV, at the same 
time extending to higher energies. So we would need an EUV 
photon density ~ 10~ 4 times that of visible photons to produce 
an equally intense ICS flux. A rough estimate of EUV photon 
density in a large flare suggests this will be ~ 10 3 cirT 3 , however, 
so low that even the greater fluxes obtained with more energetic 
incident photons will not be observable. 



Fig. 6. Photon spectra at the Sun (photons per keV per second 
per proton) from limb relativistic positrons produced by protons 
with different power-law distributions: thin-blue is for 6-5, 
medium-black for 6-3 and thick-red for 6-2 with an incident 
photon energy of 2 eV. 
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Fig. 7. Photon spectra at the Sun (photons per ke V per second per 
proton) from relativistic positrons produced by protons with a 
power-law energy distribution E~ 3 for an incident photon energy 
of 200 eV. 



4. Comparison with observations 

As explained in Section 1, ICS could be dominant in produc- 
ing HXRs in low-density regions of the solar atmosphere, which 
mainly implies the high corona. Consider the c oronal X/y-ray 
source in the 2005 January 20 flare, described by iRrucker et al.l 
(2008b). Could it be due to ICS of photospheric photons? 

Continuum y-radiation in the 100 MeV energy range was ob- 
served from this flare by the SONG instrument on CORONAS-F. 
There is e vidence for a pion dec ay contribution to the observed 
spectrum ( Kuz netsov et all2005l) . which would also indicate the 
presence of ~ 100 MeV positrons. The flare was located towards 
the limb (N14°W61°; sin A = 0.88), maximising the likelihood 
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of observable ICS photons. Moreover, the location of the coro- 
nal X-ray source is high enough that ICS could be the domi- 
nant source of HXRs, given sufficient energetic electrons. The 
coronal source has a very hard spectrum, photon spectral index 
as 1.5, consistent with the spectra found in Section 3. A photon 
spectral index of 1.5 would imply a relativistic electron spec- 
tral index of about 2. Continuation of the photon spectrum to 
at least 700 - 800 keV implies an electron distribution contin- 
uing in this power-law form to at least 120 MeV. To account 
for the observed coro nal source fluxes shown in Figure 3 of 
iKrucker et al] (|2008b), we would need ~ 10 electrons instan- 
taneously present above 0.5 Me V. The ~ 500 keV so urce rep- 
resented by the 50% contour of IKrucker et alJ (l2008bl) . Figure 
2c, is about 40x80 arc seconds. Assuming a similar length scale 
along the line of sight we estimate its total volume as 5 x 10 28 
cm 3 . Taking, for illustration, an ambient electron density 10 8 
cm -3 , we see that the relativistic electrons necessary to account 
for this source via ICS would represent just 2 X 10" 6 of all parti- 
cles in the volume. We also estimate that this is ~ 10~ 3 or less of 
the electrons > 0.5 MeV implied by a typical, large X-ray burst. 
An uncertain fraction of these would be trapped in the corona, 
and the electron distribution might not extend with the same en- 
ergy dependence to 10s of MeV but it appears quite plausible 
that enough electrons of the required energies are present in the 
flare. The minimum energy of 0.5 MeV is of course quite ar- 
bitrary; only electrons in the 10s of MeV range and above are 
demanded by an ICS interpretation of this coronal HXR source. 

Close to the limb, the most favourable head-on collisions 
of electrons with primary photons may occur. The flux and 
spectrum are very close to those given traditionally for power- 
law electron distributions and isotropic primar y photons (e.g 
iBlumenthal & Oouldlll97(jl; IKrucker et alj|2008ah . with modifi- 
cations resulting mostly from the presence of an upper electron 
cutoff energy. The number and energy distribution of electrons 
found above are close to those that would be found using the 
traditional results; but this would not be the case for an event 
further from the limb. 

An interpretation in terms of positrons is also possible. The 
spectra shown in Figure 5 would all give approximately the 
necessary, hard spectrum in the several hundred keV energy 
range (although, as discussed above, none has precisely power- 
law form). For a power-law primary proton energy distribution 
with energy spectral index = 2, about 10 32 protons would be 
needed above 1 MeV. Masson et al. I (120091) found a proton flux 
of 2.3 x 10 31 cm" 3 above 30 MeV for this event with proton spec- 
tral index = 3, i.e. 2x 10 34 protons above 1 MeV. Most secondary 
positrons presumably stop at great depths in the atmosphere, but 
we would need only a few percent of them to find their way into 
the corona in order to account for the coronal HXR source via 
ICS. 

5. Conclusions and discussion 

ICS needs extreme source parameters if it i s to account on 
its own for the bulk of fla re hard X-rays (iKorchakl fl97lt 
iMcClements & Brownl 1 1 9861) . particularly when 'footpoint' 
source morphology points to an origin in the dense chromo- 
sphere. Our work does not revise this view, just points out that 
ICS might be important for understanding sources in the ten- 
uous corona. We have seen that very modest numbers of elec- 
trons or positrons at relativistic energies could account for al- 
ready observed coronal HXR sources, even in regions so tenu- 
ous that a conventional bremsstrahlung interpretation would be- 
come problematic. Electrons would need to be accelerated into 



the 100 MeV energy range; positrons are automatically produced 
with the necessary energies as long as there are ~ GeV pro- 
tons to produce them in the first place. The electron distribu- 
tion needed to account for HXR bursts, extended into the 100 
MeV energy range, would include enough relativistic electrons 
that only a small fraction of them would need to be found in the 
corona to account for at least one, observed coronal HXR source. 
Moreover, electrons might be accelerated to relativistic energies 
via a process distinct from the main flare en ergy release, as ap - 
pears to occur in the Earth's magnetosphere (Baker et al. 2001). 

How might we distinguish these sources from conventional 
bremsstrahlung HXRs? First of all, they may be expected from 
locations where the ambient density seems too low for a con- 
ventional, bremsstrahlung interpretation. As we have seen, coro- 
nal ICS sources should be brighte st near the solar lim b. If many 
sources like those described in IKrucker et alJ d2008bl) can be 
detected, an ICS interpretation would imply a strong centre- 
to-limb variation. Simultaneo us observations fro m two, widely 
separated spacercraft (e.g. IKrucker et all 12008b) would reveal 
quite different fluxes and spectra. The spectra will always be 
very hard, possibly also extending to soft X-ray and EUV ranges 
in a continuous way difficult to account for by other means. 
Observations of co-spatial radio radiation would have very dif- 
ferent spectral properties in the bremsstrahlung and ICS cases. 

Do we need to contain electrons in the corona to produce 
such sources? The calculations above assume that an isotropic 
population of electrons is instantaneously present in the source 
region. Radio observations show coronal co ntainment of high- 
energy (gyrosynchro tron emitting) electrons dKundu et al.l bOOl; 
iMelnikov et al.l 120021) . The overwhelming contribution to ob- 
served ICS, however, comes from electrons moving instan- 
taneously towards the observer. Electrons could pass freely 
through the corona, following the field lines and emitting ob- 
servable ICS HXRs as they pass through the line of sight to- 
wards the observer. They would not need to be contained in the 
corona, and an isolated coronal source might be more naturally 
explained in this way, as a consequence of relativistic beaming 
and source magnetic geometry. Instantaneous numbers of elec- 
trons needed would be comparable to the numbers found above. 
A more detailed treatment of electron and positron transport, not 
given here, would be needed to assess this possibility properly. 

Our assumed isotropic electron distribution raises simi- 
lar questions. We appealed to electron and positron scat- 
tering by MHD turbu lence to justify this assumption (e.g. 
iMiller & Ramatvll989h . It still seems unclear if the coronal elec- 
tron trapping revealed in radio is due to turbulence, magnetic 
field convergence and/or other physical factors. Electrons may 
be coronally contained but anisotropic. The consequences of 
anisotropy are more easily addressed for our highly relativistic 
electrons t han e.g. the study of gyrosyn chrotron radiation car- 
ried out by Fleishman & Melnikov (2003). The cone of emission 
about the electron instantaneous direction of motion has width 
y , so the electron distribution function and the loop geome- 
try (ej* 1 j3riejitatiojiji^^ any tilt to the vertical, etc. - 
cf. iMacKinnon & Brownl [19901) would have to conspire to en- 
sure that some electrons travel more or less in the line of sight. 
Deduced numbers of electrons would again be similar, to order 
of magnitude, to those found assuming isotropy but the range 
of viewing angles giving rise to an observable source would be 
narrower. 

ICS coronal X-ray sources may already have been observed. 
Already well-studie d sources, like that in the Mas uda flare 
(Masuda et a i] [l994h or some of those described by iTomczakl 
(2009), might be reinterpreted in this way. In these smaller 
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events, including the M class Masuda flare, there are not y- 
ray measurements to give any independent constraint on high- 
energy electrons or positrons, however. In small flares, bright 
coronal HXR sources in implausibly tenuous regions would in- 
dicate the presence of relativistic electrons or positrons. 

Might ICS yield observable contributions in other wave- 
length ranges? Flare positrons, for example, would scatter cm 
wavelength photons into the optical or near UV ranges. In the 
corona the primary photon number density would be extremely 
low, making an observable flux highly unlikely, unless the rel- 
ativistic electrons or positrons lay within an optically thick mi- 
crowave source. Such a situation would need a much more de- 
tailed evaluation of the primary r adiation field than we have car - 
ried out here, along the lines of iMcClements & Brownl ([l986). 
Other possibilities, like an ICS contribution to UV continuum, 
appear potentially interesting but would take place in the deeper 
atmosphere and would similarly require a different treatment of 
the primary radiation field. 

If definitively recognised in flares, ICS coronal HXR sources 
would open a new window on acceleration and transport of elec- 
trons and ions in the 0.1-1 GeV energy range. 
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